Some properties of nearly premixed laminar flame propagation along weakly stratified layers in combustible gas mixtures by Talley, Douglas G.
C O M B U S T I O N  A N D  F L A M E  79: 141-150 (1990) 141 
Some Properties of Nearly Premixed Laminar Flame Propagation 
Along Weakly Stratified Layers in Combustible Gas Mixtures 
D. G. TALLEY 
Department of Mechanical Engineering and Applied Mechanics, The University of Michigan, 
Ann Arbor, MI 48109-2121 
Nearly premixed laminar flame propagation along weakly stratified layers in combustible gas mixtures is examined theoret- 
ically in the limit of weak flame stretch, high activation energy, and unity Lewis number. The stratification is represented 
by the variation in flame temperature along the reaction zone. Stratification is shown to affect the propagation velocity by a 
convective loss mechanism and by a diffusive mechanism that could be termed flame thickening. Whether a given amount 
of stratification should be expected to increase or decrease the propagation velocity compared with that of a nonstratified 
mixture depends on the angle the flame makes to the flow. The propagation velocity is most sensitive to the stratification 
for small flame angles. 
INTRODUCTION 
Laminar flames have been studied for many years. 
Two limiting cases that have been the most fre- 
quently analyzed are premixed flames, in which 
all reactants are completely mixed prior to com- 
bustion, and diffusion flames, in which the reac- 
tants are initially completely separated. Premixed 
flames have associated with them the concept of 
a propagation velocity; diffusion flames normally 
do not, although propagation can occur along the 
interface between air and fuel layers such as some- 
times occurs along the roofs of mine shafts [1, 
2]. Between these two extremes, an entire spec- 
trum exists in which the reactants are neither com- 
pletely premixed nor fully separated prior to com- 
bustion. Such situations can arise, for example, 
in the dropwise propagation of flames through 
sprays, in the propagation of flames over volatile 
liquid fuel surfaces, at the leading edge of lifted 
turbulent diffusion flames, and in many practical 
applications. Compared with the two better-known 
limiting cases, these intermediate mixtures have so 
far received relatively little attention. 
If the unburned reactants are significantly un- 
mixed over identifiable mean length and time 
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scales, the mixture will be said here to be strat- 
ified. This definition serves to eliminate random 
variations in concentration or temperature due to 
turbulent fluctuations in otherwise homogeneous 
flows, local variations resulting from flame insta- 
bilities, and variations due to chemical reactions 
that occur as a normal result of flame passage. Al- 
though this definition seems sufficient for present 
purposes, modification may be necessary in spe- 
cific applications. Flame propagation is said to 
be parallel to the stratification if its direction is 
parallel to the vector gradient of the quantity (for 
instance, fuel concentration) that is stratified. It 
is perpendicular if the direction of propagation is 
perpendicular to the gradient. Parallel propagation 
occurs, for example, in flame tubes when the reac- 
tants are initially separated in the upper and lower 
parts of the tube but are allowed to partially in- 
terdiffuse prior to passage of the flame. This type 
of propagation occurs in stratified charge inter- 
nal combustion engines and has been studied the 
most frequently [3-6]. Although the issues are not 
fully resolved, there are indications of faster over- 
all burning times and wider flammability limits 
than in the equivalent homogeneous mixtures. Per- 
pendicular propagation can occur along fuel-air 
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Fig. 1. Flame propagating through stratified mixture. 
interfaces, as in the examples given above. An in- 
triguing aspect of the latter kind of propagation 
is that the velocity of the flame front can be sev- 
eral times faster than that of the stoichiometrically 
premixed fuel-air mixture [1, 2]. 
One possible mode of perpendicular propaga- 
tion is illustrated in Fig. I. A flame propagates 
steadily into a combustible mixture that is supplied 
at a uniform velocity U ~ .  A stratification C(~') in 
the concentration of some reactant, inert, or in the 
upstream temperature exists just upstream of the 
flame transverse to the flow such that the flame be- 
comes gradually weaker and perhaps extinguishes 
toward the ends. As a consequence of the stratifi- 
cation, the flame becomes curved and its thickness 
varies with ~'. For simplicity, secondary reactions 
behind the flame are assumed here not to occur. 
Of fundamental interest is the propagation ve- 
locity of such a front. This is known to be influ- 
enced by several factors. FOr instance, gas expan- 
sion behind the flame can increase the flame veloc- 
ity in cases where the mixture ahead of the flame is 
flammable only in narrow regions by altering the 
flow there [ 1, 7]. This effect does not depend on 
the flame structure and can be explained aerody- 
namically by assuming the flame to be an infinites- 
imally thin surface of discontinuity. In addition, 
the flame front curvature can cause the stream- 
lines of the flow to diverge, and an increase in 
propagation velocity can also be predicted in part 
by aerodynamic considerations alone without ref- 
erence to flame structure [2]. However, the diver- 
gence in streamlines also causes flame stretch, and 
the flame front curvature can affect the diffusion 
of heat and mass, depending on the Lewis num- 
ber. These effects are known to have a fundamen- 
tal impact on the structure of the flame that may 
not always positively influence the propagation. 
Finally, stratification can externally impose vari- 
ations in temperature and composition along the 
flame that would not otherwise be present. These 
would be expected to influence the propagation by 
generating secondary fluxes of heat and chemical 
species parallel to it. This latter effect forms the 
subject of this paper. 
Attention is restricted to the isolated impact that 
secondary heat fluxes have on the flame propaga- 
tion. No attempt has been made to include the in- 
teraction of the stratification with the other factors 
mentioned above; that is left to later work. Con- 
sequently, aerodynamic effects are minimized and 
Lewis number effects are not considered. Flame 
curvature, instability, and feedback mechanisms 
are also neglected, except that stretch is allowed in 
terms of a weak upstream velocity gradient, which 
is assumed known. The minimization of these fac- 
tors amounts to a weak stratification limit whereby 
the flame is considered to be nearly premixed and 
to possess most of the features of premixed flame 
propagation. The details of the theory are pre- 
sented below. 
THEORY 
In their original analysis, Karlovitz et al. [8] first 
isolated and demonstrated the theoretical impor- 
tance of flame stretch by considering the idealized 
flame geometry of Fig. 2, except that here a vari- 
ation Tf(~') in the reaction zone temperature along 
the flame has been added as shown, which was not 
originally allowed. The velocity component nor- 
mal to the flame decreases as the flame coordinate 
rl decreases as a result of the positive velocity gra- 
dient dUo~/dy. Continuity then requires that the 
parallel component of velocity increase, generat- 
ing stretch. For a thin, locally flat reaction zone 
at a flame angle ¢, parallel streamlines, and con- 
stant Tf(~'), Karlovitz et al. showed that when the 
velocity field is expanded to first order using a 
Taylor series about ~" = 0, the governing thermal 
equation in the preheat zone becomes 
k 02T +a~)~-~-~ O, (1) + p~CpS(1 = 
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Fig. 2. Combus t ion  wave in a flow with velocity gradient  and 
react ion zone tempera ture  gradient .  
where k and Cp are constant, S is the propagation 
velocity at ~" = O, and 
cos ~ d U ~  
a = _
U~o dy ' 
the flame stretch in this geometry. This analy- 
sis corresponds most closely to limitingly small 
amounts of stretch. Solution of Eq. 1 demonstrated 
that stretch can reduce the propagation velocity 
if thermal effects dominate, due to the heat con- 
vected out of the preheat zone parallel to the flame 
by the stretched velocity field. 
The goal here will be to introduce a small 
amount of stratification into the geometry of Fig. 
2. However. in order to fix concepts a simpler 
case will be considered first in which the flame 
is locally horizontal (~ = ~r/2) with zero stretch, 
as illustrated in Fig. 3. Such a geometry might 
correspond to the region marked A in Fig. 1. 
The steady flame to which (77, ~') coordinates 
are attached is supplied with fresh combustible 
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Fig. 3. Simplified geometry.  
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mixture at uniform upstream temperature T ~  and 
uniform velocity U ~  equal to the flame propaga- 
tion velocity S. The flame is assumed to possess 
a two-zone structure consisting of a preheat zone 
and a reaction zone. Chemistry is assumed to con- 
sist of the first-order unimolecular reaction R ---, P 
with reaction rate equal to BYte -e/m" g/(cm 3.s), 
where Yr is the mass fraction of reactant and B 
is assumed constant. The activation energy E is 
assumed to be large, so the reaction zone can be 
considered infinitesimally thin over the region of 
interest. For unity Lewis number, the flame struc- 
ture can be described using a thermal theory, and 
under these conditions the effect of stratification 
can be introduced by allowing the flame tempera- 
ture to vary along the reaction zone as Tf(~). 
Since u~- = 0 in this case, the energy equation 
governing the preheat zone can be written as 
02T Oql I 
oCpu, 7 ~ = k (2) 
O~ 2 0~- 
where qll _ -k(c3T/O~) is the component of 
the heat flux conducted parallel to the flame. For 
an infinitesimally thin reaction zone, the heat re- 
leased by the reaction zone into the preheat zone 
depends only on the local flame temperature and 
not on the gradient dTf/d~.  Consequently, if Su 
is the propagation velocity of a one-dimensional 
nonstratified flame at temperature Tf, the heat re- 
leased by the stratified flame at local temperature 
Tf is given by p,~CpSu(Tf -T~c) .  This consti- 
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tutes a boundary condition prescribing the heat 
that must be conducted into the preheat zone for 
the stratified case. At g" = 0, the corresponding 
values are denoted Suo and Tf0. Defining the di- 
mensionless variables 
0 =_ (T - T.~)/(Tfo - T ~ ) ,  Z =- oocC pSuo~l/k 
// :-- poeC pSuo~/k, ~k : S /Suo, 
and 
qll 
q - o~CpSuo(T~o - T o ~ ) '  
the energy equation, with pu, 7 = -pooS by conti- 
nuity, becomes 
020 O0 
Oz 2 + X -~z = q~' (3) 
where q~ denotes the derivative of q with respect 
to//.  Physically, the term k /pooC pS.0 is a mea- 
sure of the preheat zone thickness of the non- 
stratified flame of temperature Tf0, and 3. is the 
flame speed eigenvalue. The boundary conditions 
for Eq. 3 along the l i n e / / =  0 become 0(0, 0) = 1 
and 00/Oz(O, 0)  = - 1 .  Integrating Eq. 3 along 
the line // = 0 subject to these boundary condi- 
tions gives 
1 
O(z, 0) = 1 + ~(e -x~ - 1) 
fo z ( f o Z e x z q ~ d z )  + e-XZ dz ,  (4) 
where q~ is understood to be evaluated a t / / =  0. 
The quantity h is found by letting 0 ~ 0 as z 
oo, giving 
h = 1 - e -xz eXZq~dz dz  
.Io 
/5 --- l - q~ d z .  (5)  
Equation 4 states that the flame speed is deter- 
mined by the net inflow or outflow of heat paral- 
lel to the flame. For net positive q~ (outflow), the 
propagation velocity is reduced. If q~ = 0, h = I 
and O(z) : e-Z, 0 < z < oc, as usual. 
Rigorous evaluation of q~ depends on the 
boundary conditions in // and integration of Eq. 
3 as a partial differential equation. However, in 
the limit d T f / d ~  ~ 0 it is possible to adopt a 
quasi-uniform assumption whereby q~ can be es- 
timated by assuming the temperature distribution 
to be locally equal to that of a uniform (nonstrati- 
fled) distribution defined by the local value of Tf. 
That is, if from Eq. 4 the uniform dimensional 
temperature distribution for q~ = 0 is 
T0/) = T.~ + ( T f  - T ~ )  e x p ( - p ~ C  pSu~l/k), 
then the quasi-uniform temperature distribution, 
denoted by the subscript q, is 
Tq(r/, ~') : T ~  + [Tf(g') - T ~ ]  
× exp[-pooC pSu(~)rl/k]. 
This approximation applies only to the estimation 
of q~ for limitingly small values of d T f / d ~ ,  not to 
the actual temperature distribution for the strati- 
fied flow. In dimensionless form, this distribution 
can be written 
Oq(Z, //) = Of(//)e -A(Oz, (6) 
where Of(//) -- [Tf(//) - T.~l/(Teo - T + )  and 
A(O -= Su(O/S~o, and where A(0) = 0f(0) -- 1. 
However, since under the present assumptions the 
nonstratified flame speed Su depends only on the 
local flame temperature Tf (see Eq. 14), A(//) can 
be written equivalently A[0f(//)]. Then approximat- 
ing q = -00q/O~~ and  q~ = -020q/0//2, one ob- 
tains 
q = Ae -Z  + Bze-Z, 
q~ = Dze  -z + Ez2e -z ,  (7) 
where the constants A, B, D, and E are under- 
stood to be evaluated a t / / =  0 and are given by 
dOf 
A -  
d ~ '  
d A  dOf B -  
dOf d / / '  
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D = \ ~ - ]  2 ~ 4 - d - - ~ f 2 ) / ,  
(rim)2 (dOf~ 2 
The second derivative d2Of/d~ 2 has also been as- 
sumed to be negligible in Eq. 8, consistent with 
the assumption dOf/d~ ~ O. Substituting Eqs. 7 
and 8 into Eq. 5 gives 
h = 1 - D  - 2 E  
dO'~2[ f d A ~ E _ 2 d A  d2A] 
= 1 + ( ~ - ]  2 ~.dOf , ] dOf ~ff~f2 ] " 
(9) 
Note that this result admits the possibility of k 
larger than unity. Resolution of this point depends 
on A(0f). This is left to later following further 
development of the theory. 
Returning now to Fig. 2, we consider next the 
case where the reaction zone temperature is al- 
lowed to vary as Tr(~'). The same simplifying as- 
sumptions are employed as previously, except that 
a limitingly small velocity gradient d U ~ / d y  is 
also allowed. The governing energy equation be- 
comes 
07" OT 02T Oq il 
pCp/d)) ~ q'- OCpu~- ~ : k --(91,12 Og" . (10) 
We seek here, as in Karlovitz et al. [8], the front 
velocity S at ~" = 0 (y = 0). Expressing the up- 
stream velocity as U~  = U~o + y d U ~ , / d y ,  
then assuming straight streamlines with sin ~ = 
S/U~o,  the normal and parallel velocity compo- 
nents in (~',)7) coordinates can be written 
pun = -p~S(1  +art + a~ tan ~) 
and 
pu s = p~S( l  +art + a~ tan O)cot 0, 
where a is defined following Eq. 1. Taking 
OT/0~" = _a l l /k  and nondimensionalizing as be- 
fore, one obtains 
_ _  0 0  020 + k(l + Ka z + Ka ~) 0z 
Oz 2 
= q ~ - k ( l  + K a z + K a O q c o t $ ,  (11) 
where Ka is the Karlovitz number ( -ak/  
p~C  pSuo). Integrating along the line ~ = 0 with 
0(0, 0) = 1 and (OO/Oz)(O, 0) = -1 ,  one obtains 
r [( O(z, O) = l - exp -X z +  dz JO 
x [q~ - k ( l  + K a z ) q  cot 4~1 d z }  dz, 
(12) 
where the eigenvalue k is found implicitly by let- 
ting 0 --~ 0 as z ---, ec, that is, 
- / "  exp [ -X (z  + K2Z----~2) ]
X { / z  exp [+X (z  + - K ~ ) ]  
x [q~ - X ( l  + K a z ) q  cot 0 ] d z }  dz. (13) 
Finally, we return to the evaluation of the con- 
stants A, B, D, and E of Eq. 8 under the quasi- 
uniform assumption, interpreted here to apply in 
the limit as both the stretch and the stratification 
approach zero, so that Eqs. 7 and 8 remain valid. 
The propagation velocity of a nonstratified flame 
for the first-order unimolecular reaction R ---* P 
has been analyzed asymptotically by Williams [9] 
for high activation energy. The result was found 
to first order to be 
Su e-E/m'f ] ( fT )2j 
~/2 
(14) 
Utilizing this expression to evaluate A = S,/Suo 
for the corresponding flame temperatures Tf and 
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Tf0, the nondimensional result is 
| 
A(0f) = ~f[1 - ~(1 - 0012 
fl(l - Of) ] 
× exp 1 - ~ ( 1  -----Of)J ' 
where ~ and/3 are defined as 
(15) 
o~ =_ (Tfo - To~) /T fo  (16) 
and 
/3 - 2 R u T ~  " (17) 
Typically, c~ ~ 0.5, while fl, a Zeldovich number, 
ranges between 3 and 10. The first and second 
derivatives d A / d O r  and d: 'A/dOf  2 can be deter- 
mined from Eq. 15, evaluated at ~ = 0, where 
A = 0f = 1, and used to calculate the constants 
A, B, D, and E. 
Defining first a stratification number, 
dOf 
Js = - ~  d---~' (18) 
the results from F_x]. 8 are 
A = - J s / / 3  ~ O, ( ol) 
B = - J s  1 + 13 ~ - J s ,  
h = J s 2  [1 + ~  (1 + ~ ) ]  ~ J s 2 '  1.o 
E = - j 2  1 + ~ - J s  2, (19) 
where the second equalities apply in the limit 
/3 ---, o0, to be discussed below. These results ho.5 
indicate that the dimensionless propagation veloc- 
ity X, from Eqs. 13, 7, and 19, depends on a 
stratification number, the Karlovitz number, the 
Zeldovich number, the flame angle ¢,, and a.  
Physically, the limit/3 ~ oo has meaning for 
nonstratified flows even for /3 as low as 3 be- 
o 
cause it appears exponentially inside the reaction 0 
rate term [9]. It has somewhat less physical mean- 
ing here in terms of the quasi-uniform assumption 
because it appears nonexponentially in Eq. 19. 
However, allowing /3 to remain finite would be 
expected to make only a small quantitative differ- 
ence in the results to be presented below. There- 
fore the following results are presented for the 
distinguished limit dOf /d~  ---* O, fl ~ oc, with Js 
remaining finite. Under these conditions, 
q -- - J s z e - Z  (20) 
q~ = J s 2 z e - Z ( l  - z), 
and 3, = h(Js, Ka, ~) only. 
(21) 
RESULTS 
J,  = O  
When the stratification number Js is zero, the dou- 
ble integral in Eq. 13 becomes zero, the equation 
becomes independent of q~, and the remaining inte- 
gral must be evaluated numerically. The results are 
presented in Fig. 4. Although the above analysis 
is valid only under conditions of weak stretch, that 
is, for Ka << 1, the plot has been extended here to 
larger values to better demonstrate the trend. This 
curve reproduces the original results of Karlovitz 
et al. [8] and shows that the propagation velocity 
decreases as the Karlovitz number increases. 
Ka = 0  
Js -0 
I 
,0  210 310 
Ka 
Fig. 4. Results for J s  = 0. 
,:0 5 .0  






0 1.0 2 .0  3 .0  
Js  
Fig. 5. Results for Ka : 0. 
When the Karlovitz number Ka is zero, Eq. 13 can 
be solved analytically. Substituting Eqs. 20 and 21 
into Eq. 13 with Ka --- 0 gives 
1 + Js 2 
)~ - 1 + Js cot ~" (22) 
Equation 22 is plotted in Fig. 5 for various flame 
angles ~. Results are shown only for positive val- 
ues of Js; behavior for negative Js may be deduced 
by considering the flame angles necessary to re- 
verse the sign of cot ~. For example, the curve 
for ~ = 135 ° is the reflection about Js = 0 of 
the extension of the curve for ~ = 45 ° to negative 
values of J~. 
Figure 5 shows that stratification can either in- 
crease or decrease the propagation velocity, de- 
pending on the flame angle. This can be under- 
stood by first referring to the curve for <k = 90 °, 
corresponding to the geometry of Fig. 2. In this 
case cot ~b = 0, and by comparing it with Eq. 22, 
Eq. 9 can be shown to reduce to ;k = 1 + J s  2 . The 
propagation velocity is therefore indeed increased 
as a result of the stratification, regardless of the 
sign of Js. The reason for this can be found by 
referring to Eq. 5, where it was remarked that the 
propagation velocity must be reduced if q~ is net 
positive over the preheat zone. However, accord- 
ing to Eq. 21, q~ is negative for z > 1 and is 
nonnegative only in the interval 0 < z < 1. The 
quantity q~ is therefore net negative in the preheat 
zone, and )~ must be greater than unity. Physi- 
cally, this is a diffusive effect that results from 
the variation in preheat zone thickness along the 
flame. In the presence of a gradient in reaction 
zone temperature, the gas flowing into the flame 
in the local preheat zone along the line ~ = 0 
is surrounded by immediately adjacent flows of 
lower and higher reaction zone temperatures. It 
turns out that the flow with the lower reaction 
zone temperature actually causes more hot fluid 
than cold fluid to come into contact with the cen- 
tral preheat zone because the preheat zone of the 
flow with the lower reaction zone temperature is 
longer. The opposite effect occurs for the hotter 
reaction zone flow, but because the preheat zone 
thickness varies exponentially with reaction zone 
temperature, the effect is not so severe. The re- 
sult is a net influx of heat into the central preheat 
zone that does not depend on the direction of the 
stratification. This phenomenon might be termed 
flame thickening. 
For flame angles different from 90 ° , this effect 
competes with a convective effect that might be 
termed convective loss. It is different from the 
convective heat loss caused by flame stretch be- 
cause it occurs here for zero Karlovitz number. 
It can be explained in terms of the interaction 
of the velocity component parallel to the flame 
with the temperature gradients along it. For small 
flame angles and positive Js, more heat is ini- 
tially convected out of the central preheat zone at 
-- 0 than is diffused in by flame thickening, re- 
sulting in a lower propagation velocity. As Js is 
increased, a critical value is reached where the ef- 
fect of flame thickening becomes dominant. FOr 
flame angles greater than 90 ° , however, this com- 
petition is absent, and the two effects are always 
additive. Convective loss therefore depends on the 
direction of stratification (or equivalently, on the 
sign of cot ~). To summarize, whether stratifica- 
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Fig. 7. Results for Ka = 2.0. 
decrease compared to a nonstratified flow depends 
on the relative dominance of flame thickening and 
convective loss for a given flame angle 0. 
Js 5 0 ;  Ka ~ 0  
In this case, Eq. 13 must be integrated numeri- 
cally. The results are presented in Figs. 6 and 7 
for Ka = 1 and Ka = 2, respectively. As with Fig. 
4, large Karlovitz numbers have been used, even 
though the analysis is valid only for Ka << 1, in 
order to more clearly demonstrate the trends. The 
numerical method was checked against the case 
Ka = 0 and was found to adequately reproduce 
the results of Eq. 22. All curves converge to a 
single value at Js = 0, which corresponds to the 
curve of Fig. 4 for the appropriate value of Ka. As 
before, the results for negative values of Js can be 
deduced by reflecting the curves for flame angles 
that reverse the sign of cot 0. 
These figures incorporate the convective effect 
of flame stretch into the propagation behavior. 
However, aside from the fact that h ~ 1 when 
Js = 0, the major qualitative difference from Fig. 
5 is the existence of multiple roots at sufficiently 
high values of Js- These may be an artifact of the 
quasi-uniform approach, since at finite values of 
this approach applies only at Js ~ 0. For large 
Js, other nonlinear effects not considered in the 
idealized geometry presented here could signifi- 
cantly alter the shapes of the curves. However, if 
this effect is indeed real, it is probable that only 
the lower roots are stable and that stable solu- 
tions may not exist for values of J~ beyond certain 
critical values. The competing influence of flame 
thickening and convective loss remains evident in 
these figures. 
ZEROTH-ORDER KINETICS 
The above analysis has been repeated for zeroth- 
order kinetics where the reaction rate is equal 
simply to Be -e/er. This affects the results by 
changing the functional dependence of A(0f). For 
high activation energy, the expression for the one- 
dimensional propagation velocity of the nonstrati- 
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fled flame to first order leads to the expression 
1 
A(0f) : ~ [ 1  - ,~(1 - Of)] 
l 
~(1 - Of) ] (23) 
x exp 1 - ~ O  -Of ) ]  ' 
whereupon the constants A, B, D, and E of Eq. 
8 become 
A = -J~/13, 
• ~ ' 
D = J s  2 1 + ~ + ~ - ~  c~-  , 
E = - J 2  l + \  2~ J " (24) 
These expressions, although slightly different 
from Eqs. 19, reduce to identically the same limit 
as B ---' ~c with J.~ finite. Therefore the essential 
trends identified for first-order kinetics apply also 
to zeroth-order kinetics. 
DISCUSSION 
The analysis presented here has served to isolate 
the purely thermal effects of stratification in the 
limit of weak stratification, weak stretch, large 
activation energy, and unity Lewis number and, 
practically speaking, to small J~ when ~ is finite. 
Despite these severe restrictions, it is neverthe- 
less possible to extract several interesting features. 
First is the central role played by the stratification 
number J~ as defined by Eq. 18. By replacing the 
variables in Eq. 18 with dimensional quantities, 
it is possible to interpret the physical meaning of 
this number. The result can be expressed as 
Js = ~(q f l l /q f±) ,  (25) 
where qfll = - k d T f / d ~  is the heat flux par- 
allel to the flame at the reaction zone and 
qf± =- p~CoSuo(Tfo - T ~ )  is the perpendicular 
heat flux at the reaction zone. The stratification 
number is seen to be the ratio of these two fluxes 
multiplied by the Zeldovich number/~, which can 
be interpreted as a measure of the temperature 
sensitivity of the reaction rate. 
A second feature is the identification of two 
thermal mechanisms through which stratification 
influences the flame propagation; convective loss, 
different from the loss caused by flame stretch; 
and a diffusive loss associated with flame thick- 
ening. Convective loss takes on special impor- 
tance at small flame angles, where examination 
of Figs. 4-6 shows the behavior to be extremely 
sensitive to stratification even for small values 
of J~. One instance in which small flame angles 
would be expected to arise is near extinction in 
highly stretched velocity fields, such as near the 
blowout of premixed jet flames. Since significant 
concentration gradients as well as velocity gradi- 
ents would be expected to occur near the exit noz- 
zle of such flames, the results suggest that strati- 
fication could play as significant a role as stretch 
in determining the eventual blowout behavior of 
these flames. Finally, it should be recalled that 
the thermal effects presented here are only two of 
a much wider range of coupled effects that would 
be expected to occur in reality, as discussed in 
the Introduction. More complete investigation of 
these effects should provide fruitful topics for fu- 
ture research. 
CONCLUSIONS 
An analysis has been presented in which the purely 
thermal effects of stratification in a mixture up- 
stream of a nearly premixed laminar flame have 
been investigated in the limit of weak stratifica- 
tion, weak stretch, high activation energy, and 
unity Lewis number for zeroth- and first-order 
unimolecular reactions. The results are found to 
depend on the Karlovitz number Ka, the Zeldovich 
number/3, the flame angle ~, and a stratification 
number Js defined by Eq. 18. The thermal effects 
of stratification have been identified in terms of a 
convective loss mechanism, different from stretch, 
and a diffusive mechanism associated with flame 
thickening. It is found that the propagation veloc- 
ity can be either increased or decreased depend- 
ing on the flame angle and that the results become 
increasingly sensitive to the stratification as the 
150 D . G .  T A L L E Y  
flame angle  decreases .  This  suggests  that strati- 
f ication could  play as important  a role  as f lame 
stretch in de te rmin ing  the near-ext inct ion behav-  
ior o f  some f lames.  
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a S u m m e r  Faculty Fellowship at the Wright- 
Patterson Aero Propulsion Laboratory under  
A i r  Force contract F49620-87-R-0004. 
R E F E R E N C E S  
1. Feng, C. C., Lam, S. H., and Glassman, 1., Flame Prop- 
agation Through Layered Fuel-Air Mixtures, Combust. 
Sci. Technol. 10:59-71 (1975). 
2. Liebman, I., Corry, J., and Perlee, H. E., Flame Propa- 
gation in Layered Methane-Air Systems, Combust. Sci. 
Technol. 1:257-267 (1970). 
3. Liebman, 1., Corry, J., and Perlee, H. E., Dynamics of 
Flame Propagation Through Layered Methane-Air Mix- 
tures, Combust. Sci. Technol. 2:365-375 (1971),. 
4. Girard, P., and Leyer, L. C., Constant Volume Combus- 
tion of Uniform and Stratified Lean Mixtures of Propane 
and Air, in Combustion in Reactive Systems (Progress 
in Astronautics and Aeronautics, Vol. 76), J. R. Bowen 
et al., Eds., American Institute of Aeronautics and As- 
tronautics, New York, 1979, pp. 565-577. 
5. Karim, G. A., and Tzang, P., Flame Propagation 
Through Atmospheres Involving Concentration Gradients 
Formed by Mass Transfer Phenomena, J. Fluids Eng. 
97:615-617 (1975). 
6. Bisset, E. S., and Reuss, D. L., Analysis of a Slowly 
Varying Nonadiabatic Flame Propagating Through Gra- 
dients of Fuel or Temperature, Twenty First Sympo- 
sium (International) on Combustion, The Combustion 
Institute, 1985, pp. 531-538. 
7. Kulkarny, V. A., Schwartz, J., and Fink, S., A Model of 
Two-Dimensional Flow Effects in Laser Supported Com- 
bustion Waves and Laminar Flames, AIAA-83-1718, 
1983. 
8. Karlovitz, B., Denniston, D. W., Knapschefer, D. 
H., and Wells, F. E., Studies on Turbulent Flames, 
Fourth Symposium (International) on Combustion, 
The Combustion, Institute, 1953, pp. 613-620. 
9. Williams, F. A., Combustion Theory, Benjamin/ 
Cummings, 1985, p. 159. 
Received 5 July 1988; revised 18 November 1988 
